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Any model. of t h e  ca rd iovascu la r  system concerned wi th  t h e  flow of sub- 

s t a n c e s  c a r r i e d  by the blood should con ta in  a model of kidney func t ion .  The 

kidney p l ays  a very iiiiportant r o l e  i n  r e g u l a t i n g  the composition and voline of 

the i n t e r n a l  f l u i d  environment, A good review of r e n a l  s t r u c t u r e  and func t ion  

can be found i n  P i e t s  ( 3 )  S e l k u r t  ( 4 )  and Smith (5) e I n  this paper  a model 

05 the  kidney based on t h e  major hypotheses  of r e n a l  func t ion  i s  descr fbed .  

The  hypotliescs and assumptions f rom vliicli a kidney model 2s formnulatecl 

are l i s t e d  bclow. 

1) Glor?zerrilar f i l t r a t - i o n  i s  a n  u l t r a f i l t r a t i o n  which depexids on the 

h y d r o s t a t i c  p r e s s c e  oE t h e  blood, 

t i o n  0 i s  r e l a t e d  t o  t h e  p re s su re  drop a c r o s s  t he  cap:f-llary rnen!bri:ne 

Ap by Cite fol lowing.  

The rate of glomerular  f i l t r a -  

F-' 

where I< i s  a cons t an t  express ing  f l u i d  permeabi l i ty  of the glonierular f 

c a p i l l a q  membrane 

2) The loops  of Ilenle act  as c o u n t e r e m r e n t  m u l t i p l i e r s  i n  t h e  foraation 

of concent ra ted  u r ine .  

3) The medullary blood vessels remove water and s o l u t e s  from tlhe counter-  

c u r r e n t  area. 

The countcrcurrenZ mechanism depends on t h e  active t r a n s p o r t  of sodium 4 )  

pass tve  d i f f u s i o n .  
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5 )  Since  renal. c ap i l l a r i e s  and tubu le s  have ve ry  small d iameters ,  

iner t ia l  e f f e c t s  on f l u i d s  f lowing i n  them may b e  neg lec t ed ,  

6 )  There is  complete mixing of subs tances  i n  t h e  blood and u r i n e .  

The kidney con ta ins  approximately one m i l l i o h  nephrons.  I n  t h e  

model t h e  e f f e c t s  of a l l  nephrons a c t i n g  i n  p a r a l l e l  are lumped t o  form 

a s i n g l e  average e f f e c t .  Tn t h i s  i n i t i a l  model t h e r e  i s  na d i s t i n c t i o n  

made between c o r t i c a l  and juxtamedullary nephrons a I f  necessary ,  t h i s  

f e a t u r e  could b e  added wi thout  much d i f f i c u l t y .  

shown i n  F igure  1 i s  t h e  b a s i s  f o r  t h e  model. 

The average nephron as 

A d i s c u s s i o n  of t h e  p r i n c i p l e  of coun te rcu r ren t  m u l t i p l i c a t i o n  can 

b e  fouQd i n  t h e  r e fe rences  given previous ly .  It is a l s o  t r e a t e d  q u i t e  

thoroughly i n  a paper  by U l l r i c h ,  Kramer and Boylan (6) .  ’ A s  shown i n  

F lgure  1, Na is a c t i v e l y  t r anspor t ed  o u t  of tlie ascending limb of t h e  

loop of Henle i n t o  t h e  i n t e r s t i t i a l  f l u i d  and thean i ~ t ~  t h e  descending 

limb by p a s s i v e  d i f f u s i o n .  

meable t o  water. This  process  m u l t i p l i e d  along t h e  l eng th  of t h e  t u b u l e  

r e s u l t s  i n  a hype r ton ic  s o l u t i o n  a t  the t i p  of t h e  loop of Henle. Water 

is  then  drawn from t h e  c o l l e c t i n g  duc t  i n t o  t h e  i n t e r s t i t i u m  i n  t h e  zone 

of hyperosmola l i ty  e s t a b l i s h e d  by t h e  coun te rcu r ren t  m u l t i p l i e r  system. 

This  r e s u l t s  i n  a more h i g h l y  concent ra ted  ur ine .  Sodium and o t h e r  s o l u t e s  

taken o u t  of t h e  t u b u l e  are removed by t h e  vasa recta system of blood 

vessels. Water i s  a l s o  absorbed by t h e  vasa recta due t o  t h e  c o l l o i d  

osmotic  p r e s s u r e  of  plasma p r o t e i n .  

4- 

The t h i c k  p a r t  of t h e  ascending l o o p  i s  imper- 
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An e l ec t r i ca l  c i r c u i t  analog f o r  t h e  pressure-flow r e l a t i o n s  in t h e  

kidney model i s  shown i n  F igure  2. 

of a cyl . indrica1 vessel as developed by Rideout and Dick (2) is used t o  

r ep resen t  t h e  blood vessels and tubu le s  a The equat ions  r e l a t i n g  p res su re  

p p  flow f ,  and volume q f o r  a t y p i c a l  s e c t i o n  of t h e  model are l i s t e d  

below. 

The lumped parameter  approximation 

The e l ec t r i ca l  parameters  r e s i s t a n c e  R,  capac i tance  C, and inductance  L 

r e p r e s e n t  r e s i s t a n c e  t o  flow, compliance of t h e  vessel and i n e r t a n c e  of 

t h e  f l u i d .  Osmotic p re s su re  is approximated by t h e  vo l t age  sou rce  
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Glossary of Terms 

L1l 

5 1  

R15 

‘11 

‘15 

‘16 

‘1 7 

‘18 

‘19 

‘20 

‘ 2 0  9‘21 

‘12’ ‘13’ ‘14 

I n e r t a n c e  i n  r e n a l  a r t e r y  

Res i s t ance  t o  flow i n  r e n a l  a r t e r y  

Res i s t ance  to flow a c r o s s  glomerular  c a p i l l a r y  

membrane (= 1/I(f> 

Res is tances  i n  the  nephron 

Res is tances  i n  the r e n a l  blood vessels 

Res i s t ances  t o  movement of water from nephron and c a p i l -  

laries t o  t h e  i n t e r s t i t i u m  

Compliance of renal. a r t e r y  

Compliance of proximal t ubu le  

Compliance of descending l i n b  of Henle’s loop  

Compliance of ascending limb of Henle’s loop  

Compliance of d i s t a l  t ubu le  of  Henle’s  loop 

Compliance of c o l l e c t i n g  duc t  

Compliance of b l adde r  

Compliances of i n t e r s t i t i a l  f l u i d  compartments 

Compliances of medullary blood vessels 
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An e l ec t r i ca l  analog c i r c u i t  f o r  t h e  complete ca rd iovascu la r  system 

is  shown i n  F igure  3 .  A s  s t a t e d  previous ly  t h i s  model relates p res su res ,  

f lows and vol.umes b u t  gives no informat ion  as t o  t h e  concen t r a t ions  of 

subs tances  i n  t h e  blood and u r i n e .  A p o s s i b l e  method of s imula t ing  t h e  

d i s t r i b u t i o n  of a s p e c i f i c  subs tance  i n  t h e  blood and u r i n e  is  t h e  

m u l t i p l e  model" scheme bf Benekcn and Rideout (1) i n  which s e p a r a t e  b u t  11 

i n t e rconnec ted  c i r c u i t s  are used f o r  t h e  blood-urine pressure-f low 

r e l a t i o n s  and t h e  t r a n s p o r t  of t h e  subs tance  of i n t e r e s t .  

c i r c u i t  c o n s i s t s  of a number of conipartments equal. t o  t h e  number of 

segments i n  t h e  blood-urine c i r c u i t  e 

t h e  concen t r a t ion  of a subs tance  i n  t h e  blood o r  i r r ine i s  uniform i n  a 

p a r t i c u l a r  compartment. 

The  l a t te r  

Since  complete mixing i s  assumed, 
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The equat ions  f o r  t h e  flow of a subs tance  between two compartments are 

l i s t e d  below. 

'2 = -ft(yl ,2f2 '2,3 E 3 ) d t  + a2(0 )  
0 

y1,2 = y1 i f  f2 > 0 

i f  f j  < 0 - 
- y2 

- i f  f 3  > 0 ' 2 , 3  - '2 

where yn i s  t h e  concen t r a t ion  of t h e  subs tance  i n  compartment n ,  a 

is  t h e  amount of t h e  subs tance  i n  n and q i s  t h e  volume of blood i n  

i n  compartment n ,  f i s  t h e  flow i n t o  11 and f i s  t h e  flow out of n .  n n-l-1 

A t  t h e  p o i n t s  where braiiching occurs ,  s l i g h t  mod i f i ca t ion  of t h e  m u l t i p l e  

model equat ions  are necessary .  For example, cons ide r  t h e  p o i n t  where 

t h e  r e n a l  a r t e r y  branches o f f .  

n 

n 
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Active and pass ive  t r a n s p o r t  of subs tances  i n  t h e  kidney r e q u i r e  

that a d d i t i o n a l  terns b e  added t o  the mul.tiple model equat ions .  

pas s ive  d i f f u s i o n  of a subs tance  between two compartments is g iven  by: 

The 

(F ink ' s  Equation) 

where I< i s  a driffusion cons t an t .  T h e  active t r a n s p o r t  of  sodium out: of 

a compartment i s  g iven  by: 

n 

where A is  t h e  rate of active t r a n s p o r t  of sodi im and i s  dependent on 

t h e  concen t r a t ion  of sodium i n  compartment n ,  the concen t r a t ion  i n  the  

compartment i n t o  which i t  i s  t r a n s p o r t e d  and tEire l eng th  of t i m e  t h e  f l u i d  

conta in ing  sodium remains i n  compartment n. 

As an example cons ide r  compartment 15. 

N a  
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- ) d t  -4- a15(0) (‘llf15 -. y15f16 a20 

As an example of p a s s i v e  d i f f u s i o n  of sodium cons ide r  compartment 12. 

12  01 
I 

q 1 2 t o t  y12 - 

Figure  4 shows a compartment model for  t h e  t r a n s p o r t  of sodium i n  the 

kidney. The rates and d i r e c t i o n s  of sodium flow are i n d i c a t e d .  The 

dashed l i n e  r e p r e s e n t s  the active t r a n s p o r t  of sodium from t h e  ascending 

loop  of fIenle which i s  iznpermeable t o  water. 

r e q u i r e s  a s e p a r a t e  t r a n s p o r t  c i r c u i t .  

on the hybr id  computer, t h e  number of subs t ances  which can b e  s t u d i e d  

s imul taneous ly  is  l i m i t e d  by a v a i l a b l e  computer  equipqent.  

Each subs tance  s t u d i e d  

Thus, i f  t h e  s imula t ion  i s  set  up 
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